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ABSTRACT
Identification of the main planet formation site is fundamental to understanding how planets form and
migrate to the current locations. We consider the heavy-element content trend of observed exoplanets
derived from improved measurements of mass and radius, and explore how this trend can be used as
a tracer of their formation sites. Using gas accretion recipes obtained from detailed hydrodynamical
simulations, we confirm that the disk-limited gas accretion regime is most important for reproducing
the heavy-element content trend. Given that such a regime is specified by two characteristic masses
of planets, we compute these masses as a function of the distance (r) from the central star, and then
examine how the regime appears in the mass-semimajor axis diagram. Our results show that a plausi-
ble solid accretion region emerges at r ' 0.6 au and expands with increasing r, using the conventional
disk model. Given that exoplanets that possess the heavy-element content trend distribute currently
near their central stars, our results imply the importance of planetary migration that would occur
after solid accretion onto planets might be nearly completed at r ≥ 0.6 au. Self-consistent simulations
would be needed to verify the predictions herein.
Keywords: planets and satellites: composition – planets and satellites: formation – planets and satel-
lites: gaseous planets – protoplanetary disks
1. INTRODUCTION
A remarkable feature revealed by observations is that
exoplanetary systems exhibit great diversity (Winn &
Fabrycky 2015). The diversity has led to the proposition
of a number of formation and migration scenarios. These
include pebble accretion for the efficient build-up of plan-
etary cores at r > 10 au (Ormel & Klahr 2010; Lam-
brechts & Johansen 2012), in-situ gas accretion for form-
ing hot Jupiters at the present close-in locations (Boden-
heimer et al. 2000; Batygin et al. 2016), and planetary
migration driven by disk-planet interaction (Lin et al.
1996; Kley & Nelson 2012). In addition to the standard
core accretion scenario (Pollack et al. 1996), exploitation
of these mechanisms allows the possibility of reproduc-
ing a wealth of exoplanets’ observational properties (Ida
& Lin 2004; Mordasini et al. 2014; Hasegawa 2016; Jo-
hansen & Lambrechts 2017).
Despite the progress, our understanding of planet for-
mation in protoplanetary disks is nevertheless imperfect.
One critical reason for this is that the primary forma-
tion site of planets is poorly constrained. If the site
could be identified, one can infer which formation mech-
anism(s) would dominate and to what extent, planetary
migration would be needed for explaining the current or-
bital architecture of both the solar and extrasolar plan-
etary systems. It has been suggested recently that the
carbon-to-oxygen (C/O) ratio of planets is one promis-
ing observable for identifying where planets form (O¨berg
et al. 2011; Madhusudhan et al. 2014; Brewer et al. 2017).
However, Mordasini et al. (2016) point out that an im-
proved understanding of the distribution of elemental
materials in natal protoplanetary disks would be needed
in order to derive any useful information from the ob-
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served C/O ratio (also see Espinoza et al. 2017).
Here we propose another quantity as a tracer for the
formation site of exoplanets. Improved measurements of
masses and radii of exoplanets enable the computation
of the abundance of heavy elements in a well-measured
subset of planets (Guillot et al. 2006; Miller & Fortney
2011). Through a careful selection of 47 exoplanets taken
from larger samples, Thorngren et al. (2016, hereafter,
T16) derive the following correlations between a planet’s
total mass (Mp) and its heavy-element mass (MZ) and
between Mp and its metallicity (Zp ≡ MZ/Mp). These
are, respectively
MZ ∝MΓZp and
Zp
Zs
∝MβZp , (1)
where Zs is the host stellar metallicity, ΓZ = 0.61±0.08,
and βZ = −0.45 ± 0.09. These correlations are referred
to as the heavy-element content trend in this work. The
follow-up work of Hasegawa et al. (2018, hereafter H18)
provides an explanation for this trend, focusing on solid
accretion from gapped planetesimal disks. Such solid ac-
cretion occurs simultaneously with gas accretion after
planetary core formation is completed. In this Letter,
we use the heavy-element content trend and the analysis
of H18 to identify a plausible solid accretion zone in the
mass-semimajor axis diagram. Our study implies that in
order to reproduce the trend, planets would initially, effi-
ciently accrete solids beyond r ≥ 0.6 au and subsequently
migrate to their present locations.
2. METAL ENRICHMENT OF PLANETS VIA
PLANETESIMAL ACCRETION
2.1. Disk model
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We adopt the steady state disk model (Frank et al.
2002):
M˙d = 3piνΣg, (2)
where M˙d is the disk accretion rate, Σg is the gas surface
density, ν = αcsHg is the effective viscosity, cs is the local
sound speed, Hg = cs/Ω is the pressure scale height, and
Ω is the Keplerian angular velocity. The α-prescription
is used for characterizing the efficiency of angular mo-
mentum transport in disks (Shakura & Sunyaev 1973).
For the disk temperature (Td) prescription, we follow the
minimum-mass solar nebula model (Hayashi 1981):
Td = Td0
( r
1 au
)−t
, (3)
where Td0 = 280 K and t = 1/2 under the assumption of
an optically thin disk.
There are two parameters in this disk model, M˙d
and α. We verify that results of this work are rela-
tively insensitive to variations in M˙d; therefore we adopt
M˙d = 10
−8M yr−1, following disk observations (Hart-
mann et al. 1998; Williams & Cieza 2011). We assume
that α = 10−2, a choice is motivated by the recent MHD
simulations of protoplanetary disks. When disks are fully
ionized and non-ideal MHD effects are of lesser impor-
tance, the magnetorotational instability operates and the
resulting MHD turbulence transports angular momen-
tum radially (Balbus & Hawley 1998). When non-ideal
MHD effects dominate and magnetic fields threading
disks are strong enough, and with appropriate geome-
tries, disks would be laminar and magnetically induced
disk winds remove angular momentum vertically (Suzuki
& Inutsuka 2009; Bai & Stone 2013). In both cases, the
corresponding value of α is the order of 10−2 − 10−3 to
account for high accretion rates (Hartmann et al. 1998;
Okuzumi & Hirose 2011; Hasegawa et al. 2017).
2.2. Gas and solid accretion onto planets
We consider the metal enrichment of planets through
planetesimal accretion, after core formation is complete.
In this case, the efficiently of planetesimal accretion is
related to the rates of gas accretion onto (proto)planets
(Zhou & Lin 2007; Shiraishi & Ida 2008, H18). We now
describe the model used in this work.
First, we consider solid accretion, for which we employ
a semi-analytical approach. It would be ideal to com-
pute the total heavy-element mass accreted onto plan-
ets by tracing planet formation and migration histories.
When a large parameter space would be covered by run-
ning population synthesis calculations, one can directly
compare theoretical predictions with observational re-
sults (Mordasini et al. 2014). In this work, however,
we focus exclusively on the power-law indices (ΓZ and
βZ) for the heavy-element content trend. This is be-
cause then one can examine each planet-forming process
individually, and specify what process would be most
crucial for understanding the inferred trend. In prac-
tice, we closely follow the approach in H18, wherein a
semi-analytical formula for planetesimal accretion rates,
derived from detailed N -body simulations (Shiraishi &
Ida 2008), is employed. Assuming that the planet radius
scales as M
1/3
p , ΓZ and βZ can be written as (H18)
ΓZ = 1 + βZ (4)
= 1− 12D + 17
30
=
13− 12D
30
,
where D is the power-law index of the gas accretion
timescale, that is, τp = Mp/M˙p ∝ MDp , where M˙p
is the gas accretion rate onto planets. By definition,
Zp ≡MZ/Mp, that is, ΓZ = 1+βZ . Note that the above
equation is derived under the assumption that solid ac-
cretion onto planets takes place from gapped planetes-
imal disks without migration (see below for the impor-
tance of planetesimal gaps). Thus, one can compute the
values of ΓZ and βZ directly for given values of gas ac-
cretion rates via D.
Gas accretion onto planets becomes possible when
the surface escape velocity of (proto)planets exceeds the
sound speed of the surrounding disk gas. This corre-
sponds roughly to moon-mass objects at r = 1 au in
our model. Such accreted gas forms hydrostatic en-
velopes around planetary cores due to the pressure gra-
dient. Gas accretion contributes effectively to plane-
tary growth when the hydrostatic assumption breaks
down and the envelopes contract rapidly (Pollack et al.
1996). The critical core mass is defined for this transi-
tion, and the gas accretion rate is initially determined by
the timescale of envelope contraction, also known as the
Kelvin-Helmholtz timescale (Ikoma et al. 2000):
τp,KH = 10
cfgrain
(
Mp
10M⊕
)−d
yr, (5)
where fgrain  1 is the acceleration factor due to the
reduction of grain opacity in planetary envelopes, and
we set that c = 7 and d = 4 following Tajima & Naka-
gawa (1997). Recent studies suggest that dust growth
and sedimentation are efficient in planetary envelopes
(Movshovitz et al. 2010; Ormel 2014) and that the re-
sulting reduction in grain opacity is preferred for better
reproducing the population of observed exoplanets (Mor-
dasini et al. 2014; Hasegawa & Pudritz 2014). We there-
fore assume that fgrain = 10
−2. Consequently, the mass
growth rate (M˙p,KH) of planets is written as
M˙p,KH ' Mp
τp,KH
= 10−4
(
fgrain
10−2
)−1(
Mp
10M⊕
)5
M⊕
yr
.
(6)
The value of M˙p,KH increases rapidly with increasing
Mp. In order to avoid an unrealistically high value of
M˙p,KH, we use the results of hydrodynamical simulations
(Tanigawa & Watanabe 2002) and impose the following
upper limit (Tanigawa & Ikoma 2007):
M˙p,hydro = 0.29
(
Hg
rp
)−2(
Mp
M∗
)4/3
Σgr
2
pΩ (7)
'1.5× 10−3
( α
10−2
)−1(Hg/rp
0.05
)−4
×
(
Mp
10M⊕
)4/3(
M˙d
10−8M yr−1
)
M⊕
yr
,
where rp is the position of planets and M∗ = M is
3the mass of the central star. Thus, as the planet mass
increases, gas supply from disks to planets is limited by
disk evolution.
The above expressions will remain valid until planets
are massive enough to open up gaps in gas disks (Kley &
Nelson 2012). Once planet-disk interaction starts modi-
fying the disk structure, the gas accretion flow will come
from the polar direction rather than along the midplane
(Machida et al. 2010; Szula´gyi et al. 2014). Assuming
that the gas dynamical timescale is τdyn ∼ H2g/ν and
that the gas accretion flow originates from z ≥ rH, where
rH = rp(Mp/(3M∗))1/3 is the Hill radius of planets, the
gas accretion rate onto planets (M˙p,gapI) can be given as
(Morbidelli et al. 2014)
M˙p,gapI'2pirpvr4
∫ ∞
rH
dz
Σg√
2piHg
exp
(
− z
2
2H2g
)
(8)
=
4
3
(
Hg
rp
)−1
erfc
[
1√
2
(
Hg
rp
)−1(
Mp
3M∗
)1/3]
M˙d,
where vr = Hg/τdyn is the gas radial velocity and erfc is
the complementary error function. A factor of 4 arises
to take account of the accretion flow coming from two
surface layers of the disk and both sides of a gas gap.
There are other gas accretion recipes available in the
literature (Lissauer et al. 2009; Tanigawa & Tanaka
2016). As an example, we consider the one (M˙p,gapII)
that utilizes the results of more recent hydrodynamical
simulations (Fung et al. 2014; Kanagawa et al. 2015).
These simulations suggest that gas gaps carved by plan-
ets tend to be shallower than those predicted by previ-
ous simulations (Tanigawa & Ikoma 2007; Lissauer et al.
2009). Then the resulting M˙p,gapII is given as (Tanigawa
& Tanaka 2016)
M˙p,gapII =
8.5
3pi
(
Hg
rp
)(
Mp
M∗
)−2/3
M˙d (9)
'3.4× 10−2
(
Hg/rp
0.05
)(
Mp
100M⊕
)−2/3
×
(
M˙d
10−8M yr−1
)
M⊕
yr
.
In our preliminary study, we have found that as the
planet mass increases, our recipe (M˙p,gapI) takes the in-
termediate value between M˙p,gapII and the one derived
from the classical deep gap. Thus, M˙p,gapI provides the
mean behavior of gas accretion onto planets after gas gap
formation.
In summary, we consider 4 gas accretion recipes to
compute the values of ΓZ and βZ (see Equation (4)).
2.3. Resulting trends of the heavy-element mass
We discuss what stage of planet formation is most im-
portant for reproducing the results of T16 (see Equation
(1)).
Figure 1 shows gas accretion rates and the resulting
timescales as a function of planet mass on the left an right
panels, respectively. We consider that rp = 10 au here.
Gas accretion switches from M˙p,KH to M˙p,hydro, and to
the one (M˙p,gapI or M˙p,gapII) with increasing planet mass.
We find that while the recipe of M˙p,gapI is rather sim-
ple, the resulting value becomes comparable to that of
M˙p,gapII when planets become just massive enough to
open up gaps in the disks. As the planet mass increases,
M˙p,gapI becomes smaller than M˙p,gapII since the latter
can achieve efficient gas accretion due to shallower gaps.
We focus on computing the values of ΓZ and βZ , and
hence it is assumed in Equations (8) and (9) that planets
accrete the disk gas flowing into gaps at the 100 % effi-
ciency. Numerical simulations, however, show that only
some fractions of gas can contribute to planetary growth
and the rest of gas goes back to the surrounding disks
through the horse-shoe orbit (Lubow & D’Angelo 2006).
This example exhibits that the first (M˙p,KH) and the fi-
nal (M˙p,gapI or M˙p,gapII) stages take a longer time and
planets can become gas giants within gas disk lifetimes
when their core mass is & 5M⊕.
We now compute the values of ΓZ and βZ by adopt-
ing D (Mp/M˙p ∝ MDp ) obtained from each gas accre-
tion regime. Figure 2 shows the results. The values
of ΓZ and βZ change suddenly when the gas accretion
recipe switches from one another as the planet mass in-
creases (see the thick gray line). We confirm the finding
of H18: The heavy-element content trend can be repro-
duced well if it traces the stage where planets accrete
solids from their surrounding, gapped planetesimal disks,
while gas accretion is limited by disk evolution. In other
words, there is a plausible mass range for explaining the
heavy-element content trend (see the regime of M˙p,hydro
encompassed by Mp,transI and Mp,transII). We examine
below how such a mass range behaves as a function of
the distance from the central star.
2.4. Formation sites
We finally identify formation sites of planets that can
reproduce the heavy-element content trend.
The plausible mass range is computed by M˙p,KH =
M˙p,hydro and M˙p,hydro = M˙p,gapII (see Figure 2). Physi-
cally, the range represents planets that are more massive
than the critical core mass and undergo efficient gas ac-
cretion (the former condition) and that are less massive
to open up gaps in gas disks (the latter). Then the char-
acteristic masses can be written as, respectively
Mp,transI'21
(
fgrain
10−2
)3/11 ( α
10−2
)−3/11
(10)
×
(
Hg/rp
0.05
)−12/11(
M˙d
10−8M yr−1
)3/11
M⊕,
Mp,transII ' 0.3
( α
10−2
)1/2(Hg/rp
0.05
)5/2
MJ, (11)
where MJ is Jupiter mass. Note that in order to compute
Mp,transII, we have adopted M˙p,gapII, rather than M˙p,gapI.
This substitute simplifies the expression of Mp,transII con-
siderably without any significant deviation from the mass
computed by M˙p,hydro = M˙p,gapI.
Figure 3 shows the resulting values of Mp,transI and
Mp,transII and the corresponding mass region. Our re-
4 Hasegawa et al
101 102 103 104
Planet Mass (M )
10 12
10 11
10 10
10 9
10 8
10 7
Ac
cr
et
io
n 
Ra
te
 (M
 y
r
1 )
Mp, gapII
Mp, gapI
Mp, hydro
Mp, KH
Mp, min 10 6
10 5
10 4
10 3
10 2
10 1
Ac
cr
et
io
n 
Ra
te
 (M
 y
r
1 )
10 2 10 1 100 101
Planet Mass (MJ)
rp = 10 au
101 102 103 104
Planet Mass (M )
102
103
104
105
106
107
Ti
m
es
ca
le
 (y
r)
p, gapII
p, gapI
p, hydro
p, KH
p, max
10 2 10 1 100 101
Planet Mass (MJ)
rp = 10 au
Figure 1. Gas accretion rates and the resulting timescales as a function of planet mass on the left and right panels, respectively.
The case that rp = 10 au is considered here. On the left, M˙d is denoted by the horizontal, black line for reference. The minimum
value of M˙p is denoted by the thick gray line. On the right, gas accretion timescales are computed by τp = Mp/M˙p.
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the results obtained from M˙p,min (see Figure 1). The horizontal,
shaded silver region represents the results of T16 that can be re-
produced by the regime of M˙p,hydro (see the vertical dashed lines
marked by Mp,transI and Mp,transII).
sults indicate that the plausible mass region emerges
from r ' 0.6 au and expands with increasing r. This is
the direct reflection of the radial dependences of Mp,transI
and Mp,transII. The former is a decreasing function of r
due to M˙p,hydro. In the disk-limited gas accretion regime,
shock around planets regulates the gas accretion effi-
ciency (Tanigawa & Watanabe 2002). At a larger value
of rp, the disk temperature decreases and less massive
planets can excite shock readily. On the other hand,
Mp,transII increases with increasing r. This occurs simply
because gas gap formation due to disk-planet interaction
becomes less efficient as r increases. Thus, our analy-
sis shows that the heavy-element content trend can be
reproduced well if planets accrete solids efficiently from
gapped planetesimal disks at rp ≥ 0.6 au. Generally, the
outer region of disks is the preferred site of forming more
massive planets that accrete more planetesimals.
3. DISCUSSION
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and the resulting mass region in which the heavy-element content
trend can be reproduced (see the red shaded region). The light
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while the purple squares are the samples of T16. For reference,
the solar system planets are shown by the black triangles.
We first discuss the most crucial implication of this
work. Our results suggest that planets should undergo
solid accretion efficiently at r ≥ 0.6 au, in order to re-
produce the heavy-element content trend (Figure 3). It
is however interesting that exoplanet samples employed
in T16 currently distribute at much smaller r. This im-
plies that these exoplanets would have initially formed
in the outer disks and subsequently migrated to the cur-
rent locations. It is beyond the scope of this work to
explore which mode of migration was dominant for these
exoplanets (either gas-induced migration or the one orig-
inating from N -body dynamics). Nonetheless, our calcu-
lations demonstrate clearly that the heavy-element con-
tent trend can be used as an indicator of the importance
of migration for understanding the present orbital archi-
tecture of (exo)planets.
Another implication obtained from our work may be
for the C/O ratio of exoplanets’ atmospheres. As de-
scribed in Section 1, its role is unclear currently due to
lack of the knowledge about the spatial distribution of
chemical materials in disks. If observed exoplanets would
5follow the heavy-element content trend and their C/O
ratios would be available, then our results would play a
complementary role in providing a tighter constraint on
the primordial distribution of the C/O ratio in proto-
planetary disks.
Our study bases on a number of assumptions and the
mixture of semi-analytical formulae derived from numer-
ical simulations that were run independently. In partic-
ular, the most uncertain assumption in our model is that
the planet radius is given by M
1/3
p at all the stages of gas
accretion. This is motivated by the results of Tajima &
Nakagawa (1997) which show that planetary envelopes
contract quasi-hydrostatically from Neptune-mass plan-
ets even up to Jovian mass planets. It would, nonethe-
less, be natural to expect that dynamical collapse would
occur at a certain time when planets become massive
enough. Then, planet radius would be expressed by a dif-
ferent functional form of Mp. Assuming that Rp ∝ Mqp ,
the resulting values of ΓZ and βZ will shift by 2(q−1/3)
(H18). Another uncertainty in this work is that while the
importance of planetary migration is suggested in Figure
3, solid accretion that can occur during migration is not
considered. Depending on the speed and timing of mi-
gration, planets can accrete solid at that time (Tanaka
& Ida 1999). If its amount would be large enough, the
heavy-element content trend generated at & 0.6 au will
be washed out and deviate from the linear correlation
with the disk metallicity. Formation of nearby planets
would also cause similar effects by scattering planetesi-
mals into the feeding zone of planets (see Section 5.2 of
H18). We have explored the parameter dependence on
our results and found that the variation of α provides
the largest change: the plausible accretion zone emerges
at r ' 5 au when α = 10−3. The zone shrinks some-
what when Td0 decreases and t increases (Equation (3)).
Verification of our work is thus demanded by running
detailed simulations in a consistent and unified manner.
We should point out that if planetary cores are very
massive (> 20M⊕) and their cores dissolve into the en-
velopes as suggested for Jupiter (Wahl et al. 2017), addi-
tional solid accretion might not be needed. However, this
scenario would work only for less massive (. 100M⊕)
planets, given that MZ is much larger than 20M⊕ for
most giant planets examined in T16.
Finally, it is currently not clear how the heavy-element
content trend is universal for all the observed, massive ex-
oplanets. If it would be the case, massive planets should
accrete most of heavy elements in the plausible region,
accompanying with efficient gas accretion. Note that gas
accretion with inefficient solid accretion might continue
beyond the region, which corresponds to the stage after
gas gap formation. More and better measurements of
mass and radius of exoplanets will answer this question.
In the near future, more exoplanet observations and
better modeling of planet formation would be available
not only for drawing a better picture of how and where
planets accrete gas and solid from protoplanetary disks,
but also for testing our model of planet formation.
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